Radical S-adenosyl-L-methionine (SAM) enzymes catalyze various free radical-mediated reactions. In these enzymes, the rate-determining SAM cleavage kinetically masks all the subsequent steps. Due to this kinetic masking, detailed mechanistic characterization of radical transformations catalyzed by these enzymes is very difficult. Here, we report a successful kinetic characterization of the radical C-C bond formation catalyzed by a MoaA radical SAM enzyme. MoaA catalyzes an unprecedented 3′,8-cyclization of GTP into 3′, during the molybdenum cofactor (Moco) biosynthesis. Through a series of EPR and biochemical characterization, we found that MoaA accumulates a 5′-deoxyadenos-4′-yl radical (5′-dA-C4′•) under the turnover conditions, and forms (4′S)-5′-deoxyadenosine ((4′S)-5′-dA), which is a C-4′ epimer of the naturally occurring (4′R)-5′-dA. Together with kinetic characterizations, these observations revealed the presence of a shunt pathway in which an on-pathway intermediate, GTP C-3′ radical, abstracts H-4′ atom from 5′-dA to transiently generate 5′-dA-C4′• that is subsequently reduced stereospecifically to yield (4′S)-5′-dA. Detailed kinetic characterization of the shunt and the main pathways provided the comprehensive view of MoaA kinetics, and determined the rate of the on-pathway 3′,8-cyclization step as 2.7 ± 0.7 s -1 . Together with DFT calculations, this observation suggested that the 3′,8-cyclization is accelerated by 6 ~ 9 orders of magnitude by MoaA.
C3′• to C-8 is an unprecedented reactivity of C3′ radical in either biological or synthetic reactions. The mechanism by which MoaA catalyzes this unprecedented C3′-C8 cyclization is unknown.
In this work, we initially aimed to kinetically and spectroscopically characterize the MoaA catalysis, which resulted in an observation of an organic radical species. Characterization of this radical by EPR using a series of site-specifically 2 H or 13 C-labeled SAM isotopologues revealed the observed radical as 5′-deoxyadenos-4′-yl radical (5′-dA-C4′•). When the reaction was performed with [3′-2 H]GTP, 5′-dA-C4′• with a deuterium at the 5′ position was observed, suggesting that 5′-dA-C4′• was formed after the transfer of hydrogen from 3′-position of GTP to 5′-dA. Upon revisiting the MoaA reaction products, we observed formation of (4′S)-5′-dA, a 4′-epimer of (4′R)-5′-dA produced by the reductive cleavage of SAM. Kinetic characterization of formations of all the products and 5′-dA-C4′• and their global analysis allowed us to propose a refined model for MoaA catalysis. In this model, after abstraction of H-3′ atom from GTP by 5′-dA•, the reaction diverges to two pathways; the normal pathway that yields 3′,8-cH2GTP and (4′R)-5′-dA and a shunt pathway that yields (4′S)-5′-dA via 5′-dA-C4′•. This analysis also determined the rate constant for the on-pathway 3′,8-cyclization step to be 2.7 ± 0.7 s -1 . Since DFT calculation suggested that the 3′,8-cyclization of GTP in solution without catalysis would proceed at a rate of 10 -6 ~ 10 -9 s -1 , the observed kinetics suggested that MoaA accelerates the 3′,8-cyclization by 6 ~ 9 orders of magnitude. To our knowledge, this is the first kinetic characterization of the post-SAM cleavage reactions and the first estimation for the magnitude of rate acceleration for a radical reaction catalyzed by a radical SAM enzyme. These observations provide the foundation to understand the mechanism by which MoaA catalyzes the chemically challenging 3′,8-cyclization, and contribute to our understanding of the mechanism by which radical SAM enzymes catalyze highly specific radical reactions.
Results:
Observation of an organic radical species in MoaA reaction To better elucidate the mechanism of MoaA catalysis, we initially characterized wt-MoaA using X-band EPR spectroscopy. The anaerobically purified and reconstituted MoaA carried 5.8 ± 0.6 Fe per monomer, corresponding to 1.45 ± 0.15 eq. of 4Fe-4S cluster per monomer. In the absence of substrates, the EPR spectrum of MoaA at 15 K showed features that can be simulated as a sum of two axial signals (Figure 2A ). The narrower signal was designated as species 1, and the wider signal as species 2. The g values and the ratio of the two signals are listed in Table 1 . The ratio of the two axial signals and the total spin concentration were not affected by the presence of SAM, but the presence of GTP slightly increased the amount of reduced clusters (from 0.94 ± 0.09 eq. to 1.11 ± 0.06 eq. per monomer) and significantly increased the population of the species 2 ( Figure   2B and 2C, Table 1 ). The two signals were not affected by the nature of the buffer systems (Tris, HEPES, or triethanolamine; Figure S1 ), and thus suggest the presence of two [4Fe-4S] + cluster species whose ratio shifts in a GTP-dependent manner. The nature of the two species is currently unknown.
Remarkably, in the presence of both GTP and SAM, an additional feature at g = 2.0 was observed ( Figure   2D ). When the EPR spectra were determined between 15 ~ 90 K, the new feature became better resolved as the temperature increases from 15 to 45 K ( Figure 3A ). The intensity of this signal decreased at temperatures above 55 K. The observed temperature dependent behavior of this signal suggested that it is likely an organic radical with a fast spin relaxation property. At 45 K, the spectrum had approximately ~ 100 G width centered at g = 2.0, consistent with an organic radical ( Figure 3B , black trace). Intriguingly, we observed a distinct EPR spectrum when [3′-2 H]GTP was used as substrate ( Figure 3C , black trace). We hereby tentatively designate the signal observed with GTP with natural isotope abundance as X, and the signal with [3′-2 H]GTP as Y. Radical X was simulated with hyperfine coupling to three S = 1/2 nuclei, suggesting the presence of three protons adjacent to the radical ( Figure 3B , red trace, Table 2 ). Radical Y spectrum was simulated by parameters identical to X, but with one of the three S = 1/2 nuclei replaced with a S = 1 nucleus ( Figure 3C , red trace, Table 2 ). These observations suggested that X and Y represent the same radical species with different hyperfine splitting patterns due to the replacement of one of the three 1 H with 2 H.
The observed organic radical exhibits a unique relaxation property
In general, organic radicals are best characterized at ~77 K. However, the radicals X and Y were broadened and less intense at 77 K than at 45 K, indicating its fast relaxation property. Thus, radical X was investigated by microwave power saturation experiments. When the radical signal intensities were quantified and plotted against the root square of microwave power, no apparent signal saturation was observed up to 16 mW and only a partial saturation was observed even at the highest possible microwave power, 200 mW. The resulting data were analyzed by a non-linear curve fit to the following equation 23 (Figure 4 ):
[1 + (P/P 1/2 )] 0.5b (eq. 1)
K is a scaling factor, P represents microwave power in milliwatts and P1/2 is the microwave power at half saturation, and b is the inhomogeneity parameter 24 . The analysis revealed P1/2 = 34.5 ± 10.8 mW with b = 0.68 ± 0.08. The observed P1/2 was significantly larger than those reported for organic radical without any other paramagnetic centers. In the radical SAM enzyme PolH, the substrate radical trapped in a C209A mutant enzyme active site exhibited P1/2 = 23.3 ± 17.7 μW at 77 K ( Figure S1 ) 25 . Similarly, characterization of a substrate radical observed in Cfr requires a low microwave power (20 μW) to avoid saturation 26 . In BtrN, another member belongs to SPASM/Twitch family, a substrate radical was characterized with a microwave power of 400 μW 27 and both [4Fe-4S] clusters in the active site were proposed to be 2+ state when the radical was formed 28 . On the other hand, in lysine 2,3-aminomutase (LAM), one of the substrate radicals observed was reported to have an onset of saturation at > 5 mW at 77 K 29 . The fast relaxation feature of radicals in LAM was attributed to the presence of another paramagnetic center although its identity is not yet known 30 . Based on all these reported observations, the relaxation property of the radical observed in MoaA was faster than any other radicals observed in other radical SAM enzymes, and suggests the presence of another paramagnetic center in the active site, most likely the reduced auxiliary [4Fe-4S] cluster.
Characterization of the radical using isotopically labeled SAM
The hyperfine splitting pattern of signal X suggested the presence of three protons adjacent to the radical, which eliminates the possibility of GTP C-3′ or N-7 radical. Thus, we investigated the possibility of a radical on 5′-dA using isotopically labeled SAM. SAM isotopologues were synthesized enzymatically from L-methionine and site-specifically isotope labeled ATP using recombinant SAM synthetase. The isotope labeled ATP was prepared from either glucose or ribose with corresponding isotope labeling using de novo purine biosynthetic enzymes [31] [32] . To investigate if the radical is indeed on 5′-dA, we first characterized radical X using [ribose-13 C5]SAM. The resulting EPR spectrum showed significantly broader features with ~ 200 G width ( Figure 5A , trace 2) with a large hyperfine coupling constant (~ 200 MHz, Table 2 ) consistent with a hyperfine coupling with 13 C. These results suggest that radical X is on ribose carbon(s) of 5′-dA.
To determine the exact location of radical X, we prepared SAM isotopologues with either 13 C or 2 H on 4′or 5′-position. When [5′-13 C]SAM was used in the reaction, only a small hyperfine coupling constant (~ 30 MHz) derived from the 5′-13 C labeling was observed ( Figure 5A trace 3, Table 2 ), indicating that the radical was not on C-5′. When [5′-2 H2]SAM was used, two of the three major hyperfine splitting features in the EPR spectrum of radical X collapsed, resulting in a signal with only one apparent hyperfine splitting ( Figure 5A , trace 4). The simulation revealed that the radical was hyperfine coupled to only one S = 1/2 nucleus ( Figure 5A trace 5, Table 2 ). These observations are most consistent with radical X being a 5′-deoxyadenos-4′-yl radical (5′-dA-C4′•).
The radical Y was also characterized using the isotopically labeled SAM, which paralleled the observations with X ( Figure 5B , Table 2 ). While [ribose-13 C5]SAM caused a large hyperfine splitting (~200 MHz), [5′-13 C]SAM resulted in a small hyperfine coupling splitting (~ 30 MHz), indicating that radical Y is not on C-5′.
When [5′-2 H2]SAM was used, the original two major hyperfine splitting features both collapsed, resulting in a singlet signal without any defined hyperfine splitting. When [4′-13 C]SAM was used, a large hyperfine splitting (~ 200 MHz) comparable to that with [ribose-13 C5]SAM was observed. All these observations suggest that radical Y is also on C-4′. The difference in the splitting patterns of radicals X and Y likely derives from the isotope at the 3′-position of GTP. Since the 1 H or 2 H-atom at the 3′-position of GTP is transferred to the 5′-position of 5′-dA during the catalysis, the presence of hyperfine splitting with only two protons in radical Y can be explained by the presence of one 2 H at the 5′-position of 5′-dA. On the basis of these considerations, we propose radical Y as
Detection of (4′S)-5′-deoxyadenosine ((4′S)-5′-dA) formation
Based on the observation of 5′-dA-C4′•, we sought for shunt products that may be derived from 5′-dA-C4′•. When MoaA reaction was quenched by acid and analyzed by HPLC, we observed a small peak with retention time ~2 min earlier than 5′-dA formed from SAM cleavage ( Figure 6A ). The UV absorption spectrum of this peak was consistent with an adenine-containing molecule. The amount of this species increased with longer reaction time. The same product was observed in both MoaA reaction or MoaA/MoaC coupled reaction ( Figure   6A ). To determine its identity, the minor species and 5′-dA were purified by HPLC, and individually analyzed by LCMS. The two products were eluted with different retention time on LCMS, but showed an identical molecular weight ( Figure 6B ). Based on these observations and in light of the existence of 5′-dA-C4′•, the minor species was assigned as (4′S)-5′-dA, a 4′-epimer of naturally occurring (4′R)-5′-dA. MoaA reactions with [3′-D]GTP also produced both (4′R)-5′-dA and (4′S)-5′-dA with +1 Da higher molecular weight ( Figure S2A ), demonstrating the (4′S)-5′-dA was formed after H-3′ atom abstraction from GTP by 5′-dA•. These observations suggest that (4′S)-5′-dA was formed by a reductive quenching of 5′-dA-C4′• by abstracting a nearby hydrogen atom or by transfers of a solvent exchangeable proton and an electron. When the MoaA reaction was conducted in D2O, the molecular weights of (4′R)-5′-dA and (4′S)-5′-dA were identical to those in H2O ( Figure S2B ), suggesting (4′S)-5′-dA is formed by 5′-dA-C4′• abstracting a solvent non-exchangeable H-atom. These results indicate that 5′-dA-C4′• is likely a radical intermediate on a shunt pathway that is subsequently quenched to yield (4′S)-5′-dA.
Kinetic characterization of MoaA catalysis
To establish a kinetic model for MoaA catalysis, the kinetics of formations of 5′-dA-C4′•, 3′,8-cH2GTP, (4′R)-5′-dA and (4′S)-5′-dA at pre-steady state were investigated. In these analyses, MoaA assays were performed with 300 μM MoaA, 1 mM SDT, 1 mM GTP and 1 mM SAM for 15 ~ 300 s. To quantify 5′-dA-C4′•, the reactions manually freeze-quenched by isopentane slush bath, characterized by EPR, and quantified based on flavodoxin semiquinone standard [33] [34] ( Figure S3 ). The time course of 5′-dA-C4′• formation ( Figure 7A 14, 35 . The presence of MoaC did not affect 5′-dA-C4′• formation ( Figure S4 ). The lag phase caused by the coupled assay was estimated to be < 0.02 s based on Storer and Cornish-Bowden′s method [36] [37] . A residual amount of 3′,8-cH2GTP, likely due to its binding to MoaA, was quantified by derivatization to dimethylpterin (DMPT) 14, 38 . Thus, the amount of 3′,8-cH2GTP was a sum of CmdZ and DMPT ( Figure 7A ,B). (4′R)-5′-dA and (4′S)-5′-dA were quantified by HPLC with authentic (4′R)-5′-dA as a standard ( Figure 7A and B). As shown in Fig. 7A , there was a small but statistically significant delay in the formation of 3′,8-cH2GTP relative to that of (4′R)-5′-dA in the first ~2 min. The formation of (4′S)-5′-dA was significantly slower than that of 5′-dA-C4′• with the lag phase in the first ~ 90 sec, but progressed over time and the amount of (4′S)-5′-dA exceeded that of 5′-dA-C4′• after 3 min ( Figure 7B ).
The kinetic data of all four species were globally fit to kinetic models, among which the shunt pathway model ( Figure 7C Figure S5F ) of S were also tested for global fitting.
Kinetic fitting with different amount of S only significantly change k1 which represents rate determining step of the entire reaction. While the concentration of Michaelis complex affected k1, the k2 and k3 values were only minimally affected (k2 = 2.5 -2.7 s -1 , k3 = 1.9 -2.7 s -1 , and k3 = 0.050 -0.084 s -1 ).
Another potential model where reductive quenching of 5′-dA-C4′• in the shunt pathway yields not only (4′S)-5′-dA, but also (4′R)-5′-dA ( Figure S5G ) was considered. Kinetic fitting with inclusion of (4′R)-5′-dA (A) into the shunt pathway resulted in an extremely low rate constant for I′ → A, indicating reductive quenching of 5′-dA-C4′• to (4′R)-5′-dA is unlikely. This observation is consistent with the absence of incorporation of a deuterium to (4′S)-5′-dA from solvent ( Figure S2B ), which suggested a specific mechanism of 5′-dA-C4′• quenching to form
The rate constants in the best global fit are shown in Fig. 7C . Most significantly, the analysis allowed 
Evaluation of the catalytic rate acceleration
To evaluate the rate constant from kinetic fitting, we compared experimentally determined rate constants and activation energies for intramolecular radical cyclization where alkyl radicals attack sp 2 or sp 1 carbon centers [42] [43] [44] [45] (Table 3 8A) . Assuming that the pre-exponential factor (A) of the Arrhenius equation for the 3′,8-cyclization is similar to those of the related radical cyclization reactions in Table 3 , the Ea correspond to rate constants of 1.1 x 10 -6 ~ 2.9 x 10 -9 s -1 . These evaluations are consistent with the absence of reported 3′,8-cyclization in non-enzymatic reactions and the chemically challenging nature of this transformation.
For the MoaA-catalyzed 3′,8-cyclization, based on the rate constant k2 = 2.7 ± 0.7 s -1 and the A value in Table 3 ,
the Ea was estimated as 12.2 ~ 16.1 kcal/mol. Therefore, these analyses suggest that MoaA likely stabilizes the transition state by 8.5 ~ 12.4 kcal/mol, and accelerate the reaction rate by 6 ~ 9 orders of magnitude.
We further investigated the effect of the active site environment on the Ea of 3′,8-cyclization.
Conformational restraints were first applied to the structure of GTP-C3′•. The triphosphate moiety and O6, N1, and N2 atoms on guanine base were fixed based on the reported X-ray crystal structure 38 and ENDOR analysis 46 of MoaA in complex with GTP, where extensive interactions were observed between these positions of GTP and
MoaA active site amino acid residues or the auxiliary cluster. The ribose moiety was not H-bonded to any of the amino acid residues, and thus allowed to move. When this partially fixed GTP-C3′• was used, the theoretical Ea of 3′,8-cyclization was calculated as 19.2 kcal/mol ( Fig. 8A ), which is ~ 5.4 kcal/mol lower than the calculation without any conformational constrains. This lowering in Ea may be explained by the energy minimized conformation of GTP-C3′• (1C in Figure 8 ), in which C3′ is already in an orientation favorable to attack C8 with a relatively short distance between C3′ and C8 (3.19 Å, Figure 8A ). Longer C3'-C8 distances were found in GTP-C3′• without any constraints (3.54 Å, 1A in Figure 8A ) or in the X-ray crystal structure of MoaA•GTP complex The theoretical Ea determined for the conformational constraint model, however, was still higher than the estimated Ea of 12.2 ~ 16.1 kcal/mol. Therefore, we investigated the effects of the three catalytically essential Arg residues (R17, R266, R268). When these residues were included in our calculation, the Ea was even lowered to 14.2 kcal/mol. The Arg residues did not significantly affect the distance between C3′ and C8 (3.13 Å vs 3.19 Å, Figure 8A ), suggesting that the lower Ea was achieved by the positive charge or the H-bond interactions with the Arg residues. Among the three Arg residues, R17 had the greatest effect as its removal increased the Ea by 3.5 kcal/mol (Table S1 ). The catalytic function of R17 was also tested by activity assays of R17A-and R17K- In all the tested conditions, the free energies of the product were close or slightly higher than those of the reactant. Since the overall transformation of GTP into 3',8-cH2GTP is irreversible, the observation suggests that the addition of GTP C3'• to C8 should be followed by a thermodynamically favorable step. Such a thermodynamic driving force could be provided by the reductive quenching of the aminyl radical. While this step was previously proposed to be catalyzed by an electron transfer from the auxiliary 4Fe-4S cluster 14 , no experimental evidence is currently available. The mechanism of this radical quenching step is currently investigation.
Finally, we also performed DFT calculations using the enol tautomer of GTP C3'• (Table S2 ). Previously, the coordination of GTP N1 to the auxiliary 4Fe-4S cluster was proposed to stabilize the enol tautomer of GTP 46 .
However, in our calculation, in the presence of the three Arg residues, the enol tautomer of GTP C3'• is 22.2 kcal/mol less favored than the keto tautomer (Table S3 ), while the difference was minimal in the absence of the Arg residues (0.75 kcal/mol). Among the three Arg residues, R266 and R268 had the most significant effects (19.7 kcal/mol, Table S3 ). Therefore, in the presence of these Arg residues, the keto tautomer is likely favored.
In addition, the theoretical activation energy of the 3',8-cyclization through the enol tautomer was minimally different (1.2 kcal/mol, Table S2 ) from that with the keto tautomer. While more comprehensive analysis including the auxiliary cluster and the C-terminal tail is needed to identify the predominant tautomer of GTP in the MoaA active site, the above observations suggest that keto-enol tautomerization has minimal to no effects on the 3',8cyclization efficiency.
Discussion:
This study describes the comprehensive kinetic characterization of the MoaA-catalyzed reaction. EPR characterization of MoaA reactions revealed that MoaA accumulates an organic radical under turnover conditions. This radical was characterized as 5′-dA-C4′• using a series of isotopically labeled SAM. Intriguingly, these studies revealed that 5′-dA-C4′• carries 1 H or 2 H transferred from 3′-position of GTP, suggesting that 1 H/ 2 H-3′ abstraction precedes the 5′-dA-C4′• formation. Subsequent search for shunt products identified the formation of (4′S)-5′-dA.
Based on these observations, we proposed a presence of a shunt pathway that produces (4′S)-5′-dA via 5′-dA-C4′• (Fig. 9 ). The shunt pathway diverges from the main pathway from GTP-C3′ (Figure 8B ), the distance between GTP C3′ and SAM C4′ is even shorter than the distance between GTP C3′ and SAM C5′ (4.6 Å vs 5.4 Å). Therefore, while this model is likely still missing a significant part of the active site 54 , the analysis is consistent with the abstraction of H-4′ of (4′R)-5′-dA by GTP-C3′•. However, this spatial arrangement is not unique among radical SAM enzymes. In the reported crystal structure of BtrN 55 , the distance between C1 of 2-deoxy-scyllo-inosamine (DOIA) and SAM C4′ is also comparable to that with SAM C5′ (3.7 Å vs 3.8 Å). However, the accumulation of 5′-dA-C4′• radical has never been observed in other radical SAM enzymes. Thus, the presence of the 5′-dA-C4′• accumulation and the shunt pathway should also reflect the inherently challenging nature of subsequent 3′,8-cyclization. Our kinetic analysis revealed the rate constant k2 for the 3′,8-cyclization as 2.7 ± 0.7 s -1 . Although this value is ~ 2000 times faster than the preceding rate-determining step (k1 = 0.0013 ± 0.00002 s -1 ), it is still significantly slower than other radical-mediated intramolecular C-C bond formation reactions in solution ( Table 3 ). The slow 3′,8-cyclization allows GTP-C3′• to abstract H-4′ of 5′-dA that is also slow but comparable to the rate of 3′,8-cyclization (k3 = 1.9 ± 1.8 s -1 ). Therefore, the structure and the kinetics of MoaA catalysis both contributed to the presence of the shunt pathway, which is likely a compromise of evolving a catalyst for the chemically challenging 3′,8-cyclization.
While the MoaA-catalyzed 3′,8-cyclization is slow compared to other intramolecular radical cyclization reactions (Table 3) , it is significantly faster than the theoretical rate of uncatalyzed 3′,8-cyclization. Our analysis suggests that MoaA likely accelerates this reaction by 6 ~ 9 orders of magnitude, which corresponds to the stabilization of Ea by 8.5 ~ 12.4 kcal/mol. This rate acceleration is moderate as an enzyme and comparable to those reported for chorismate mutase 56 . In chorismate mutase, the rate acceleration was proposed to be achieved by orienting the substrate to the near-attack conformation [57] [58] Our theoretical analysis also suggested that the addition of GTP C3'• to C8 is slightly endergonic, suggesting that the subsequent aminyl radical reduction needs to be thermodynamically favorable. Although the auxiliary cluster was proposed to serve as an electron donor for this transformation, no experimental evidence is currently available. Even the redox potential or redox state of the auxiliary cluster is not known. Therefore, it is notable that the redox state of the auxiliary cluster could be deduced from the spin relaxation property of 5′- Lincoln Scott at Cassia, LLC [31] [32] . All the SAM with natural isotope abundance and 2 H or 13 with 3 mM βME. The cells were lysed by two passages through a French pressure cell operating at 14,000 psi.
The resulting lysate was cleared by centrifugation at 25,000 x g and 4 °C for 30 min. The supernatant was loaded onto 20 mL Ni-NTA agarose resin equilibrated in buffer A supplemented with 3 mM βME and 20 mM imidazole.
Then the resin was washed with buffer A supplemented with 3 mM βME and 20 mM imidazole for 20 column volumes. MoaC was then eluted using buffer A supplemented with 3 mM βME and 250 mM imidazole. Fractions Purification of SAM was based on the previous report 68 . The quenched reaction mixture was cleared by centrifugation, and the supernatant was then loaded onto 100 mL of weak cation exchange resin (Amberlite CG-50) equilibrated with 1 mM sodium acetate pH 5 buffer. The column was washed with the same buffer for 5 column volumes (CV) and then SAM was eluted using 40 mM H2SO4. Fractions containing SAM determined by UV and HPLC were pooled and titrated with QAE Sephadex A-25 resin in hydroxide form to pH 5. The resultant solution was then concentrated by rotary evaporation to less than 3 mL, and loaded onto a 150 mL Bio-Rad Biogel-P2 size exclusion column equilibrated in H2O. SAM was eluted with H2O after 2 CV. Fractions containing SAM determined by UV and HPLC were pooled and concentrated by rotary evaporation to less than 3 mL. This solution was degassed and transferred into glovebox for anaerobic assays. The compounds were characterized by MS and NMR and stored at -35 °C in the glovebox. This method generally yields SAM with > 96% purity (analyzed by HPLC) and a total yield of ~ 25% based on ATP.
X-band CW-EPR experiments
MoaA assays were carried out under strict anaerobic condition (< 0.1 ppm O2). MoaA (450 μM) was first pre-reduced by 1.5 mM sodium dithionite (SDT) in buffer A (100 mM Tris•HCl (pH 7.6), 0.3 M NaCl, 10% glycerol, M represents modulation amplitude, P is the microwave power, g is the average g value of the radical, f is a packing factor related to the inner diameter of EPR tube. The normalized intensity was compared to that of Cu(II) standard to get the exact spin concentration of the sample. All EPR spectral simulations were performed using the EasySpin software 66 .
